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This report covers the research done from October 1974 to October 1976
on Giant Resonances in Medium and Heavy Nuclei by Inelastic Electron
Scattering, using the Naval Postgraduate School 120 MeV Linac. These
experiments include the nuclei ^^^?h, '^'^'^ku, ^^^Uo, ^^m, and ^^Y. For
details we refer to the theses and publications which have resulted from
these experiments while some of the important results are summarized.
Other activities included investigations of the radiation tail and of the
giant resonance line shape, which are essential to fitting the (e,e')
spectra, and significant improvements of the Linac.
B. Experiments with ^^"^Au and ^Q^Pb
The experiments done before this report period were published in PRL
-1/3
in December 1974. The isoscalar quadrupole resonance was seen at 60 A
MeV as expected. New results included evidence for a monopole assignment
-1/3
(EO) at 53 A MeV, one of the earliest reports for the isovector quad-
-1/3 -1/3
rupole mode at 133 A ' MeV and observation of E3 strength at 105 A '
MeV. Strengths for all the above were given (see Publication 1).
One question which has excited much interest concerns the monopole mode
-1/3
which we reported to be at 53 A ' MeV, 8.9 MeV in Pb . The angular dis-
tribution in Ce,e') is the same for EO and E2, which makes direct identifi-
cation difficult.
While considering the possibility for new experiments on ^OBpi^ ^q either
confirm or refute the existence of the monopole state at 53 A~ ' MeV, we
realized that before launching into new experiments, much could be learned
from a new evaluation of our existing data (see Publication 4) . With our
improved spectrum analysis program we made an analysis consistent with
(a,o') and with (Y>n) experiments. The giant resonance region was
resolved in line structure (less than 500 KeV) and resonance structure
(wider than 1800 KeV). The fine structure around 10.5 MeV as well as the
broad resonance (10.8 MeV) were all found to have an E2 angular distribution,
and assumption of AT = 1 for the fine structure, contrasted to AT = for
the broad resonance, explains many of the apparent contradictions. Fine
structure at 8.9 MeV could not be identified, but the broad 8.9 MeV resonance,
which might be E2 or EO from the angular distribution, is more likely to be
EO. An E2 assignment for this state would lead to a total observed isoscalar
E2 strength of 148% of the energy weighted sum rule, which is much too large.
This sum rule argument then provides the most solid evidence that the 8.9 MeV
resonance in ^'^^Pb is the EO breathing mode. In addition, a second isoscalar
E2 mode as a general feature of heavy nuclei seems to be quite unlikely, that
is not predicted by theory and very difficult to explain (see Publications 1,4)
C. Holmium (^^-Ho)
The holmium (e,e') experiments were performed at 75" and various incident
energies to vary the momentum transfer. The range of excitation energy, 5
to 40 MeV was larger than in previous experiments. Some of the important
results included the split giant dipole state as seen in (Y»n)^ and broadening
of the isoscalar quadrupole mode as expected in a deformed nucleus. The
isovector quadrupole mode was observed for the first time to be split.
-1/3
Finally, no broadening was seen for the 53 A MeV state, which is in
accord with the monopole assignment made in the Pb experiments (see Publica-
tion 2) .
D. Yttrium (^^Y)
These experiments were performed as a general extension of our previous
work on ^^^Pb, ^^''Au, and ^^^Ho to lighter nuclei. Also, more specifically,
we wished to check the conclusion^ for ^"^Zr that the quadrupole resonance is
broader than the giant dipole state. This result is not true for heavy
nuclei.
Some of the main conclusions for ^^Y are (see Publication 5)
:
1. The isovector E2 strength can be 40% to 75% of the energy weighted
sum rule, depending on the total width T assumed.
2. An E3 state at 13.5 MeV is found which may be 1 1\a) AT = 1
excitation (where hw = shell spacing), but no evidence is found for E3 3 110)
strength; the latter is seen for heavy nuclei.
3. No excess cross section is found near the giant dipole resonance;
-1/3
this strength would appear if the EO state were at the energy 80 A MeV
proposed recently^.
E. Nickel (^^Ni and S^Ni)
We investigated ^^Ni and ^^Ni under identical conditions, but only the
latter in the period covered by this report. We will give a complete account
in a later report. One striking result concerns the giant dipole resonance,
which in (Y,n) experiments'* is much smaller for ^^Ni compared to ^°Ni. Our
experiments, which measure the total El strength, not just the (Y,n) channel,
show precisely the opposite result, namely that ^^Ni has a larger El strength.
If (e,e') and (Y>n) results are to be reconciled, either the (Y,p) experiments
are wrong or some other channel, possibly (y,D) must be present and large in
^^Ni, but small in ^^Ni.
F. Improvements in the Linac and Spectrum Analysis: (Publication 5)
A major Linac improvement was undertaken in 1975. The vacuum system was
completely rebuilt and the result has been much more reliable operation.
Problems in the electroexcitation of giant resonances have always been
associated with the large underlying radiation tail and the overlapping
resonance structure. We have made advances in both areas, which increases
the possibility of extracting resonance parameters for weak resonances even
at excitation energies as high as 20 to 40 MeV.
The radiation tail calculation now used in our analyses accounts for
virtually all the radiative background, and has been demonstrated to fit
observed spectra over a wide range of excitation energy for nuclei between
S^Ni and ^OSpi^ ^^^^ Publication 5).
The investigation of the line shape had to be undertaken, because the
choice of a certain line shape greatly influences the cross section extracted
for weak resonances close to overlapping strong resonances. For example, the
9 MeV resonance in ^^'^Au and the ^"^^Pb, for which we have given evidence for
an EO assignment, is difficult to resolve from the nearby isoscalar E2 quad-
rupole resonance. Analysis of CY,n) measurements with monochromatic photons
showed clearly that the dependence of the reduced transition probability,
B(E1), on excitation energy follows a symmetric Breit-Wigner shape, although
a Lorentz form describes the resulting cross section (see Publication 3)
.
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COMNENTS
We believe that further work should be done on giant resonances by (e,e').
Our present survey of nuclei should be extended to lighter elements and other
isotope comparisons. A very illuminating example is provided by our ^®Ni and
^'^Ni experiment which reveals new information about the strength of the one
resonance (the giant dipole) which is supposed to be so well understood from
(Y,n) experiments.
The versatility of the (e,e') measurements rests on two characteristics,
namely the momentum transfer may be varied independently from excitation energy,
and the total electromagnetic interaction cross section is measured. These two
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Electroexcitation of Giant Multipole Resonances in '^''Au and ^°*Pb between 5 and 40 MeV
Excitation Energy with 90-MeV Electrons*
R. Pitthan,t F. R. Buskirk, E. B. Dally, J. N. Dyer, and X. K, Maruyama
Naval Postgraduate School, Monterey, California 93940
(Received 29 July 1974)
Inelastic electron scattering with 90-MeV electrons shows previously observed giant
resonances at excitation energies of 62A'^^^ (E2), 8L4"'/' (El), 105/1"'/' (£3), and
130i4"''' MeV (£2). Distorted-wave- Born-approximation analysis of additional structure
at 53^''/' and 195A'^^^ MeV suggests a monopole assignment. Transverse contributions
to the El matrix element are compatible with an electric spin-flip. Differing widths of
the respective resonances in the two nuclei are explained through dynamic deformation
of Au. The reduced electric transition strengths B(EL) are given.
Ever since Goldhaber and Teller explained the
giant dipole resonance as a collective oscillation
of neutrons against protons,' extensions of their
model have raised the question of the existence
of giant resonances with other multipolarities,
especially those with quadrupole and monopole
characters.^ The first experimental evidence of
a giant quadrupole resonance several MeV below
the giant dipole resonance was found in {e, e') ex-
periments at Darmstadt University.^ This was
soon corroborated in the reevaluation of (/),//)
data"* at Oak Ridge National Laboratory.^ The
results were based on a model by Satchler.® Ad-
ditional evidence was found in {e, e') experiments
at Sendai University.^ Especially significant is
the {e, e') experiment of the latter group on ^°^Pb,^
which not only showed a splitting of the "new"
resonance in this nucleus into at least three
states,' but furthermore found two other reso-
nances at 19 MeV (£3) and 22 MeV (£2). Each of
these three resonances satisfies a large fraction
of the appropriate sum rule, indicating that real
giant resonances were observed. The lower £2
resonance E^ = 62A'^^ MeV is generally referred
to as the isoscalar (AT = 0) and the higher reso-
nance at £,= 130/4"'^ MeV as the isovector {AT
= 1) branch of the giant quadrupole resonance. '°
Several experiments with various particles" have
confirmed, more or less, the picture sketched
above. No experimental evidence has been re-
ported so far concerning the isoscalar and iso-
vector monopole resonances.
The experiments reported were carried out
with 90-MeV incident electrons and an overall
resolution of 500 keV at the linear accelerator
laboratory of the Naval Postgraduate School.'^
Comparison of the scattered electron spectra
from '^'Au and ^°^Pb in Figs. 1 and 2 reveals
striking differences throughout the covered ex-
citation range. The line -shape fitting procedure




FIG. 1. Spectrum of 90-MeV electrons, scattered
Inelastically from Pb and Au. The fitted background
which consists of the radiation tail and the machine
background is shown. The counting rate is corrected
for the constant momentum dispersion of the spectrom-
eter. Thus the error increases with the excitation en-
ergy.
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FIG. 2. Same as Fig. 1, after subtraction of the fit-
ted background.
described by Pitthan'^ and the radiative -tail cal-
culation described in Ref, 9 were used. The
resonances shown in the Au spectrum are those
required to consistently fit the measurements
with 90-MeV incident electrons at angles of 60°,
75°, 90°, 105°, and 120°. The Pb spectrum was
fitted by the resonances shown as well as the
states which are known and have a natural width
of less than 500 keV.
The difference in structure above 12 MeV can
be explained by the djmamic collective model."
Although the ground state of Au is almost spher-
ical, the giant dipole resonance at 14 MeV is
much wider than in Pb. This broadening is due
to an unresolved splitting," indicating a dynamic
deformation of the Au nucleus. The deformation
becomes greater with higher excitation esergy
and leads to a greater fragmentation of strength
among the different vibrational axes. It was pos-
sible to decompose each of the resonances at 18,
23, and 33 MeV in Au into two Breit-Wigner res-
onances. However, because of our method of fit-
ting the background simultaneously with the res-
onances, the extraction of the cross sections be-
came unreliable, so the results quoted here are
obtained asstimlng one wide Breit-Wlgner curve
per resonance only.
Our experiment agrees with what is known for
the 11-' and 22-MeV resonances.'*" We will
therefore deal only with the other resonances. A
more detailed aceoont of all the results will be
given elsewhere.*"^ The final results for both nu-
clei as extracted from the 75° measurements are
listed in Table L
TABLE I. Comparison of results for Au and Pb as extracted from the 75" measurements. Columns 2 and 3 show





















53 EO 9.2 (3.6+1.8)10-' 2.2*0.5 35 -- -- 8.9 (5+3)10^ 1.8*0.5 50 -- --


























18.0 {1.7*. 8)10^ 5.2*0.7
45
30




133 E2 1 23.0 (4.6+1.5)10^ 7*1 95 13.5
3 hi
(6.5+1.4)10-' 22.5 (4.2*1.4)10^ 51' 85 14 (3.4:^)10^
^'
195 EO 1 33.5 (10^7)10^ 10.5+2 250 -- 33.0 (6.5*^3)10^ 6*1 150 -- --
'For the monopole IMj^l^ (fm^).
''Energy-weighted sum rule Ref. 19.
'^Single particle units Ref. 20.
'^Surface oscillation p^,. (r) ~ dp^{r)/dr.






** Extracted from a 2-MeV-wlde range only.
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FIG. 3. Ratio of the Inelastic cross sectioa of the
resonance at 9.2 MeV to the Mott cross section as a
'unction of scattering angle. The curves show the re-
sults of DWBA calculations assuming an £2 or an £0
issignment. \t 105° we did not see a resonance. The
jpen circle corresponds to a resonance with a height
)f 1 standard deviation in the count rate and is, there-
;ore, regarded as an upper limit. The error at 105°
represents 1 additional standard deviation.
In Fig. 3 the ratio of the integrated cross sec-
ion divided by the Mott cross section, which de-
ines the square of the form factor, is shown for
he resonance at 9.2 MeV (= 53A"''^ MeV) and is
:ompared to distorted-wave Born-approximation
DWBA) calculations. While for small scattering
ingles (low momentum transfer) £0 and £2 have
he same angular dependence, they are different
it the second maximum. There are, however,
;omputational problems connected with the mini-
num, indicated by the dotted lines. This experi-
nent is, nevertheless, the first experimental
ndication for the monopole giant resonance, and
IS a consequence one can obtain the value of the
•uclear compressibility.^ The evaluation was
)ased on the usual DWBA code,'* which was
;hanged for the breathing mode as described by
Cassis.'®
An EO resonance at E,= ^ZA'^^ MeV would
igree with experimental results in A' = 82 nuclei,
|n which a resonance of £0 or £2 character was
ound.'^ Stronger support comes from compari-
son of (e, e') and (y. «) experiments in Pb where
he triplet of states at 10.2, 10.6, and 11.2 MeV
13
is identified as being £2 or £0 on the basis of
the angular distribution.*-® However, the £0 as-
signment is ruled out by noting® that the fine
structure in the (y, «) spectra'^ may be explained
only if an £2 transition is assumed. In contrast,
the resonance at 8.85 MeV has the same angular
distribution as the 10.6 -MeV triplet, implying
either an El or £0 assignment, but no line is
seen in the (y, n) spectra. If this state were £2,
a peak approximately 30 mb high, corresponding
to 6 standard deviations, would have been ob-
served in the (y, n) spectrum. For an £0 assign-
ment this fact is easily understood: The longi-
tudinal monopole can not be excited by the pure
transverse real photons.
The dipole resonance at 81^4"''^ MeV was mea-
sured with monochromatic y rays'^ and has also
been seen in (e, e') experiments. *'®''^ Remarkable
agreement has been found between the two meth-
ods.
This experiment shows reasonable agreement
in the angular distribution between experiment
and DWBA calculations for the two forward an-
gles, but exhibits deviations for the backward
angles, an effect already found in }i- 82 nuclei.
We tried to explore the nature of the dipole oscil-
lations by assuming volume and surface oscilla-
tions separately in the DWBA calcxilations. The
results in terms of sum -rule exhaustion favor a
volume oscillation (Table I). Then, however,
our results are 30% smaller than the (y,«) ex-
periments.
There may be two reasons for this: (1) The
(y, n) measurements must be corrected for the
contributions of the isovector £2 resonance to
the integrated cross section. (2) Inelastic elec-
tron scattering at forward angles measures only
the longitudinal matrix element B(CX). The con-
tinuity equation yields S(CX) = B(£X), where
B{Ek) is the transverse electric matrix element,
which is the main part of the quantity measured
in y absorption. There is, however, another pos-
sible contribution to the total transverse matrix
element, namely, the electric spin-flip contri-
bution.®-'^ Following Ref. 13 we found a 20-30%
contribution to the total fi(£l) value possible,
which would solve both problems: the difference
in sum -rule exhaustion between {e, e') and (y, «)
and the increase of the cross section at back-
ward angles in {e, e').
For the resonances at 18 MeV we extracted an
£3 matrix element.* BackAvard -angle measure-
ments in Au suggest an additional M2 contribu-
tion.
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No resonance has been reported up to now at
33 MeV. The angular distribution in Au exhibits
EQ (or E2) character. Thus this resonance might
be the isovector monopole state, proposed by
Ref. 10. However, the great width in Au together
with the fact that it is located at the end of our
measured excitation range makes an accurate
assignment very difficult.
We thank H. McFarland and D. Snyder for their
hard work in keeping the Linac running.
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The Widths of the E2 (AT = and AT = 1)
Giant Resonances in ^'^Ho *
G. L. Moore, F. R. Buskirk, E. B. Dally, J. N. Dyer,
X. K. Maruyama *, and R. Pitthan
Department of Physics and Chemistry, Naval Postgraduate
School, Monterey, CA 93940, USA
(Z. Naturforsch. 31a, 668-669 [1976]
;
received March 20, 1976)
Inelastic electron scattering confirms broadening of the
isoscalar (AT=0) E2 giant resonance in '**Ho as compared,
to spherical nuclei. Discrepancies in magnitude betv^een
results of other experiments are reconciled. The isovector
'
{AT=l) E2 giant resonance is, for the first time, observed
to be split into at least two parts.
Since the discovery of giant resonances with a.
multipolarity different from E 1 much information
using various excitation methods has been collected
concerning the E2 {/iT = 0) resonance at Ex =
63 A~^''MeV^. Less information has been reported
concerning the other resonance identified, the M 1
giant resonance, and even less is known for the E 2
{AT=1) isovector giant resonance around 130
A~*''MeV, which was mentioned, but not identified
with certainty in the same paper. The information
available concerning the latter has been collected
recently by Paul ^.
Although the best data available are from elec-
tron scattering, their accuracy has been hampered
by the uncertainty in the calculation of the radiation
tail. This uncertainty may be overcome in the in-
vestigation of isolated low-lying levels by inter-
polating a fitted smooth badcground between re-
gions in the spectrum without lines. In the region
of the giant dipole resonance the radiation tail is
determined by fixing the badcground through the
known strength and natural width of the E 1 re-
sonance. No such remedy is possible in the higher
continuum above the giant dipole resonance and
better radiation tail calculations are needed. Heu-
ristic insertion of all known practical improvements
in the theoretical calculation of the radiative tail
into a fitting routine has led to the result that the
calculated radiation tail now accounts for virtually
all radiative background in our measurements, a
fact whidi opens up new possibilities for the in-
vestigation of the higher energy resonances.
The experiment reported here was carried out
with electrons of a primary energy between 60 and
105 MeV from the 120 MeV linear electron
• Supported in part by the National Science Foundation
and the Naval Postgraduate School Research Foundation.
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Fig. 1. Spectnmi of 75 and 105 MeV electrons, scattered
inelastically from *'^Ho at a scattering angle of 75'-'. The
resolution is 500 keV. The background which consists of the
radiation tail and the machine background has been sub-
tracted. Note that the relative strength of the E 1 and E 2
resonances more than reverses, if one goes from 75 MeV
to 105 MeV. Typical raw spectra; i.e., background not sub-
stracted, may be found in Ref. ''. The form of the E 1 reso-
nance was taken from (/, n) measurements (Ref. *) ; the
height was fitted. The energy weighed sum rule exhaustion
found for the E 1 resonance is 10&%, in excellent agreement
with the values reported in Ref. ', thus proving the reliabili-
ty of the background subtraction.
accelerator of the Naval Postgraduate School,
a three-section LINAC of the Stanford type ^.
This investigation was specifically undertaken
to show whether or not the giant quadrupole
resonances are split or broadened in a deformed
nucleus. Earlier experiments in -"^Pb and ^^^Au
had shown a gradual broadening of all the
electric resonances observed as one proceeds from
the spherical doubly magic nucleus -''^Pb to the non-
magic ^^"Au. The latter still has a (quasi) spherical
ground state, so that the observed broadening of the
giant resonances, as compared to ^"^Pb, can only be
explained as due to dynamic deformation *. '^^Ho
was diosen as the target nucleus because it is highly
deformed and it lies between ^'**'Ce and ^*'®Pb, in
whidi we had evaluated the giant quadrupole (dT
= 0) resonance using similar techniques. The mea-
/S
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surements were restricted to a forward scattering
angle of 75°, in order to avoid complications with
transverse contributions ^' *. A more detailed ac-
count of our experiment will be published else-
where; here we will report our findings for the E2
resonances.
The single most important result is the observed
splitting of the isovector giant resonance into two
parts at 23 and 26 MeV excitation energy (Fig-
ure 1). The strength ratio of the two components
is observed to be 3:2. They both follow separately
an E2 DWBA calculation^ and together they com-
prise (100±30)5o of the E2 sum rule. No other
experiments on the isovector E2 giant resonances
in deformed nuclei have been reported.
This result agrees with what one would expect
from the extrapolation of the results in -"^Pb and
^^^Au, as implied by the observed splitting of the
E 1 resonances due to the (dynamic) deformation
of the nuclei in the continuum. It is also in qualita-
tive agreement with the results of a perturbation
theory calculation where the effect of the deformed
ground state is represented by adding to the spheri-
cal potential a term proportional to Foo ' ^^ analogy
to calculations for the El (zJT= 1) resonance.
The result for the low lying E2 (zJ7' = 0) re-
sonance is displayed in TabJe 1 and compared with
the best available values. The broadening observed
in this experiment, /"deformed — Aphericai » agrees
with the corresponding result in the (a, a') experi-
ment^, but the absolute widths are smaller. How-
ever, it has already been observed that the widths
of resonances excited by slow hadronic interacting
particles generally are greater than that found from
the electromagnetic processes^. The disagreement
with the results from Nd arises from the fact that
the effects of the resonance at 9.8 MeV (53 A~^/*
MeV) were taken into acount in the present experi-
ment. From the ^^^Ho data alone one would not be
able to conclude definitively the existence of this
resonance. But a resonance at the corresponding
energy of 53A~^^^MeV has consistently been seen
in many nuclei between ssjv^i » and -^^?h*. All the
different electric excitation modes discovered so far
have exhibited a very smooth dependence of strength
and excitation energy as a function of A, so that
the assumption of its presence seems well justified.
If we do not assume the presence of this resonance
we find jrnat= (5.1 + 0.3) MeV, in agreement with'.
In turn, we conclude that with this resonance taken
into account, the value for ^^"Nd would be in
agreement with ours for ^®^Ho, which would bring
all the measured relative broadenings in Table I in
agreement.
Since the deformation of the three deformed
nuclei is practically identical ^, one would expect a
similar broadening, an expection which is supported
by the fact that the E2 (zJr = 0) resonances in
spherical nuclei as different as ^'^''Ce and -"^Pb have
the same width.
Table 1. Comparison of the natural width of E2 {AT=0) resonances in spherical and deformed nuclei. The fifth column
shows that the splitting of the giant dipole resonance, i. e., the deformation of the nucleus at about 14 MeV excitation
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^0 r Peak Area Fitting Fig.
& Line (MeV) (Mev) Height (.MeV-mb) x' Interval
Shape (rab) (Mev)
Au - BW 13.58 + 0.03 4.43 + 0.09 544 3790 5.68 10.0 - 21.7 5
Au - Lor 13.62 + 0.02 4.50 + 0.06 542 3830 8.33 10.0 - 21.7 5
Au - BW 12.93 + 0.09 2.72 + 0.38 263 1120 1.17 10.0 - 21.7 6
14.25 + 0.22 4,65 + 0.10 34 7 2530
Au - Lior 13.03 + 0.04 2.84 + 0.20 311 1390 1.96 10.0 - 21.7 6
14.48 + 0.16 4.86 + 0.08 305 2330
Au - BW 12.93 + 0.08 2.71 + 0.30 283 1200 0.80* 10.0 - 21.7 6
14.32 + 0.22 4.64 + 0.12 336 2450
23.00 7.00 23 250
Au - Lor 13.08 + 0.04 3.01 + 0.10 388 1830 1.27 10.0 - 21.7 6
14.80 + 0.14 4.28 + 0.14 249 1680
23.00 7.00 46 510
Ho - BW 12.24 + 0.02 2.31 + 0.08 216 783 1.52* 10.4 - 29.0 7
15.59 + 0.04 4.51 + 0.12 247 1750
23.50 1.9 + 1.2 15 45
26.75 4.1 + 2.2 21 133
Ho - Lor 12.24 + 0.01 2.21 + 0.04 208 722 1.53 10.4 - 29.0 7
15.56 + 0.02 4.69 + 0.07 250 1840
23.50 1.99 + 0.60 17 52
26.75 4.6 + 1.1 25 180
Pr - BW 15.00 +
25.60






0.89* 9.5 - 29.9 8
Pr - Lor 15.04 +
25.60
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